increase in APA activity may contribute to the progression of chronic renal disease even during complete
the major enzyme degrading ANG II. The aim of the current study was to evaluate glomerular APA expresAlthough multiple factors may influence the progression in rats with two-kidney, one-clip hypertension.
sion of chronic renal diseases to end-stage renal failure, Methods. The left renal artery was restricted with a overwhelming evidence surfaced in recent years indicat-0.2-mm silver clip. Kidneys were harvested 1 and 4 ing that angiotensin II (ANG II ) plays a pivotal role weeks after surgery. APA enzyme and protein expresin this process [1] . ANG II could contribute to the sion was evaluated in kidney sections. Total APA progression of chronic renal disease by a wide variety enzyme activity and mRNA expression was assessed of different mechanisms including regulation of glomerin isolated glomeruli. Degradation of exogenous ANG ular haemodynamics, stimulation of tubular sodium II by isolated glomeruli was measured with reversereabsorption, growth induction, and profibrogenic phase high-performance liquid chromatography.
actions [1] . Moreover, recent evidence suggest that Results. APA enzyme activity, protein, and mRNA ANG II may also exert immunological function in the expression were stimulated in the clipped kidney 1 kidney by induction of chemokines and proinflamweek after surgery compared with the contralateral matory cytokines [1] . kidney or normal controls. In contrast, 4 weeks after Traditionally, almost all studies have focused on the clipping APA activity and expression was higher in the generation of ANG II and all components of the contralateral kidney. In parallel to these findings, renin-angiotensin system (RAS) have been characterdegradation of ANG II was greatest in isolated glomerized on a molecular level. The discovery of organ uli obtained from the clipped kidney after 1 week. specific, local RAS that function independent from However, preparations from the contralateral kidney their systemic counterparts had added to the complex 4 weeks after surgery were more active in the metabolunderstanding of ANG II formation. However, local ism of exogenous ANG II.
concentration of the small peptide ANG II may not Conclusion. The present study provides evidence that only be determined by the generation, but also by its APA is complexly regulated in in vivo situations with metabolism [2, 3] . In addition, recent data have found an activated local renin-ANG II system. ANG II that further degradation of ANG II leads to other appears to play a direct role in this regulation.
peptide fragments such as angiotensin IV (ANG IV ) However, since conversion of ANG II to ANG III by that may bind to their own receptors exerting specific APA is the initial step leading to the formation of physiological actions different from ANG II [3] . ANG IV which may exert detrimental effects not Therefore, a better insight as to how the metabolism mediated through classical ANG II receptors, a local of ANG II is regulated in vivo is necessary to understand the complexity of the RAS. Aminopeptidase A Correspondence and offprint requests to: Gunter Wolf, MD, (APA) ( E.C. 3.4.11.7) is the major enzyme metabolizUniversity of Hamburg, University Hospital Eppendorf, Department ing ANG II to angiotensin III (ANG III ) [2, 3] . degradation of angiotensin I (ANG I ) and angiotensin using a C18 reverse-phase HPLC column (Nova-Pak, 4 mM, [1] [2] [3] [4] [5] [6] [7] . In the kidney, APA is localized in the glomeruli 3.9×150 mm, Waters) with the mobile phase consisting of a (podocytes and, depending on the species, endothelial 153 mixture of acetonitrile and 34.5 mM NaH 2 PO 4 buffer and perhaps mesangial cells as well as tubular cells, (pH 6 .0) at a flow rate of 1 ml/min [6 ] . River, Sulzfeld, Germany) exactly as previously described [4] . For control animals, the right renal artery was manip-Total RNA was isolated from pooled glomeruli obtained ulated with forceps, but no clip was placed. Two different from 6-8 kidneys exactly as previously described [7] . Total time points were investigated: 1 and 3 weeks after clipping. RNA (20 mg) was electrophoresed through a 1.2% agarose At the end of the experimental period, systolic blood pressure gel with 2.2 M formaldehyde. The RNA was vacuum blotted was measured by tail plethysmography of slightly restrained onto a nylon membrane (Zetabind; Cuno, Meriden, USA) unanaesthetized rats. Blood was directly collected by aortal and UV cross-linked. For the detection of rat APA tranpuncture in pre-chilled EDTA tubes on ice. Plasma renin scripts, a 3.5 kb fragment of the cDNA BP-1 (generous gift activity (PRA) was measured as the generation of ANG I of Dr Max Cooper, Birmingham, USA) was labelled using per millilitre per hour with a commercial RIA (Sorin random primers [7] . For control hybridization after stripping, Biomedica, Saluggia, Italy). Clipped and contralateral kid-a 2.0 kb insert of the plasmid pMC1 encoding the murine neys were harvested separately, weighted, and small pieces 18S RNA band was used. Hybridization, washing, and were immediately frozen in isopentane cooled by liquid stripping procedures were performed exactly as previously nitrogen. The remaining kidneys were subjected to differential described [7] . Exposed films were scanned with Fluor-S@ sieving for the isolation of glomeruli using methods estab-multi-imager (Bio-Rad laboratories, Hercules, USA), and lished for this laboratory [5] . data were analysed with the computer program MultiAnalyst from Bio-Rad. A ratio of the intensities of the bands for APA and 18S was calculated. The intensity of the bands
APA enzyme activity
from control animals (sham-operation) of each independent group was assigned an arbitrary value of 1.00. Northern APA enzyme activities were measured as previously described blots were independently repeated three times with qualitatin detail [5] . A glomerular suspension of 200 ml was incubated ively similar results. with 800 ml of a substrate solution containing 17.5 mM alphaglutamyl-nitranilide (Bachem, Bubendorf, Switzerland) in 0.5 M Tris-HCl (pH 7.2) supplemented with 10 mM CaCl 2
. Enzyme and immunohistochemistry for APA
Suspensions were rotated at 37°C for 30 min. At the end of the incubation, tubes were centrifuged and the supernatants Cryosections (5 mM-thick) were prepared. Enzyme histochwere measured at 405 nm against the substrate solution as emical demonstration of APA was performed as previously blank [5] . Glomerular pellets were lysed and the protein described with simultaneous azo-coupling using alphacontent was measured by a modification of the Lowry 4-glutamly-methoxy-2-napthylamide (Bachem) as substrate method. APA activity was calculated as described and is [5] . expressed in mU/mg glomerular protein [5] .
The mouse monoclonal antibody ASD-51 generated against rat APA was used for immunohistochemistry [8] . This antibody has been previously characterized in detail [8] .
Degradation of ANG II by isolated glomeruli
Cryosections (7 mM-thick) were fixed for 10 min in acetone at −20°C. Endogenous peroxidase was blocked with 0.3% To measure functional APA activity in glomerular suspensions, ANG II degradation was evaluated. To this end, 200 ml H 2 O 2 in PBS for 30 min. The hybridoma culture supernatant containing the mouse monoclonal anti-rat APA antibody of isolated glomeruli suspension were incubated with 80 mg ANG II (Sigma, Deisenhofen, Germany) in PBS with 10 mM was used undiluted. Detection of antibody binding was performed using the avidin-biotin complex method CaCl 2 for 60 min at room temperature on a shaker. For selected experiments, glomeruli were preincubated for 20 min ( Vectastain Elite@, Vector Laboratories, Burlingame, USA) according to the manufacturer's recommendations. Sections with 0.5 mM amastatin (Sigma), an inhibitor of APA and other aminopeptidases. After centrifugation, the supernatants were counterstained with haematoxylin. As a negative control, sections were incubated with normal mouse serum. The were dried in a speed-vac whereas glomerular pellets were lysed for determination of protein content by the Lowry intensity of the glomerular enzyme-and immunohistochemistry was semi-quantitatively evaluated by an investigator methods. Supernatants were redissolved in 50 ml of a 153 mixture of acetonitrile and 34.5 mM NaH 2 PO 4 buffer blinded to the origin of the various section. The following score was used: no staining or very weak staining, 1; medium (pH 6.0). Peptides were analysed by reverse-phase highperformance liquid chromatography (HPLC; M-45 pumps, staining, 2; strong staining, 3, very strong staining, 4. 
Statistical analysis
As newly formed ANG II was rapidly degraded by isolated glomeruli to peptide fragments, we measured All data are presented as the means±SEM. Statistical signi-the amounts of ANG II remaining in the supernatants, ficance between different groups was first tested with normalized per mg glomerular proteins, by HPLC. As Kruskal-Wallis test. Individual groups were then tested using shown in Table 3 ies. Thus, glomeruli isolated from the clipped kidney 1 week after surgery split more ANG II than prepara-
Results
tions from the contralateral kidney or normal controls. Along this line, more ANG II was degraded by glomerBody weights, kidney weights, systolic blood pressure, uli obtained from contralateral kidneys 4 weeks after and plasma renin activities clipping ( Table 3) . Preincubation with amastatin, an APA inhibitor, though not specific for this enzyme, Table 1 reveals basic parameters 1 and 4 weeks after abolished the decrease in ANG II indicating that clipping. There was no significant difference in systolic mainly APA is responsible for the degradation of ANG blood pressure between controls and clipped rats after II ( Table 3 ). 1 week. However, a significant increase was observed Figure 1A -F displays enzyme histochemical staining in clipped rats after 4 weeks of surgery ( Table 1) . As for APA on cryosections under defined conditions. predicted, the weight of the contralateral kidneys Under the chosen incubation conditions, there was only increased compared with the clipped kidney ( Table 1) .
very little glomerular APA staining in controls at 1 and Systemic PRA were stimulated 1 and 4 weeks after 4 weeks whereas the brush border of proximal tubules clipping ( Table 1) .
showed a stronger staining (Fig. 1A and D) . However, 1 weeks after clipping, the staining intensity for glomer-APA enzyme activity in isolated glomeruli and enzyme ular APA increased in clipped kidneys (Fig. 1B) comhistochemistry pared with contralateral kidneys (Fig. 1C ) or controls Table 2 shows APA enzyme activities in isolated glom- (Fig. 1A) . In contrast, after 4 weeks APA staining was eruli of the diverse groups. One week after clipping, strongest in glomeruli from the contralateral kidneys APA activity was significantly higher in glomeruli (Fig. 1F ) . A semiquantitative evaluation of glomerular isolated from the clipped kidney compared with the staining intensities is shown in Table 4 . contralateral kidney or sham-operated controls. In contrast, 4 weeks after surgery, APA activity was APA mRNA expression highest in glomeruli from contralateral kidneys whereas Figure 2 shows an exemplary Northern blot of total enzyme activities from isolated glomeruli harvested RNA prepared from isolated glomeruli. APA mRNA from clipped kidneys returned to base-line levels.
expression increased in clipped kidneys after 1 week To further gain insight into the capacity of isolated glomeruli to directly degrade ANG II, suspensions of isolated glomeruli from various animals were incubated compared with controls or the contralateral kidneys kidneys after 4 week: 1.23±0.3, contralateral kidneys after 4 week: 3.00±0.72*#; relative changes in RNA (controls after 1 weeks: 1.00±0.0, clipped kidneys after expression normalized to 18S, *P<0.05 versus con-1 week: 1.44±0.3*, contralateral kidneys after 1 week: trols, #P<0.05 versus clip n=3). 0.78±0.2#; relative changes in RNA expression normalized to 18S, *P<0.05 versus controls, #P<0.05 APA protein expression versus clip, n=3). In contrast, APA transcripts were highest in the contralateral kidneys 4 weeks after Normal kidneys from sham-operated control rats at 1 and 4 weeks revealed a moderate intensity of staining clipping (controls after 4 weeks: 1.00±0.0, clipped APA is closely involved in ANG II metabolism. For example, inhibition of APA activity in vivo using specific inhibitors induces a modest increase in systemic blood pressure [11] . On the other hand, in mice the injection of an antibody directed against the enzymatic centre of APA stimulates acute albuminuria associated with inhibition of APA activity [12] . Administration of an ACE-inhibitor or an AT 1 -receptor antagonists abolished this proteinuria strongly suggesting that an increase in ANG II concentration after antibodymediated inhibition of APA plays an important role in this model [12] . We and others have previously investigated APA enzyme activity in the kidney in situations with a stimulated RAS [5, 7, [12] [13] [14] [15] [16] . Treatment of normal rats with furosemide to induce volume depletion leads to a Fig. 2 . Northern blot for APA. Isolated glomeruli were obtained at significant increase in glomerular APA activity [5] . 1 and 4 weeks after surgery. At 1 week, glomeruli isolated from Direct infusion of exogenous ANG II in concentrations clipped kidneys exhibited more APA transcripts than preparations that induce hypertension leads to an increase in glomerfrom the contralateral kidneys or controls. In contrast, APA mRNA expression was higher in glomeruli isolated from contralateral kid-ular APA activity [15] . However, the situation with an neys 4 weeks after surgery. This blot is representative of three endogenous activated RAS may be more complex. We independent experiments with qualitatively similar results.
have previously investigated APA enzyme activity and mRNA expression in glomeruli of rats subjected to for APA protein using the monoclonal antibody renal ablation, a model with a known activation of the ASD-51 ( Fig. 3A and D) . There was a stronger staining intrarenal RAS [7] . APA enzyme activity significantly in the clipped kidney at 1 week after surgery ( Fig. 3B ) increased 5 weeks after ablation [7] . However, this compared with time-matched contralateral kidneys strong increase in enzyme activity was only accompan- (Fig. 3C ) . However, a stronger staining was present in ied by a rather modest stimulation of transcripts indichypertrophic contralateral kidneys 4 weeks after clip-ating that APA activity is mainly regulated by ping (Fig. 3F ) compared with clipped kidneys posttranscriptional mechanisms in this model of (Fig. 3E) . A semiquantitative evaluation of glomerular chronic renal injury [7] . Although glomerular APA immunohistochemistry is shown in Table 4 . activity as well as mRNA expression significantly increased in parallel in rats with insulin-dependent Discussion diabetes mellitus compared with normoglycaemic controls, application of insulin suppressed only APA APA is a homodimeric type II membrane-bound peptidase that specifically cleaves the N-terminal aspartyl mRNA expression but failed to have any effect on
(e) (f) Fig. 3 . Immunohistochemical staining for APA protein using a specific monoclonal antibody generated against rat APA. There was a moderate glomerular staining for APA protein in normal controls at 1 (A) and 4 (D) weeks. There was a stronger staining in the clipped kidney at 1 week after surgery (B) compared with contralateral kidneys (C ). A stronger staining was present in hypertrophic contralateral kidneys 4 weeks after clipping ( F ) compared with clipped kidneys ( E ). Magnification ×800.
enzyme activity [14] . These findings suggest that APA diabetic rats [7, 14] , APA enzyme activity, conversion of ANG II to ANG III, as well as APA protein and mRNA and enzyme activity may be differentially regulated under certain pathophysiological conditions. mRNA expression were concomitantly regulated. We observed a biphasic pattern of glomerular APA expresTo obtain more insight into the interaction between ANG II and APA, we studied a classical in vivo model sion. One week after clipping, APA enzyme activity and mRNA expression was higher in the clipped kidney of an activated RAS, namely rats with 2-K 1-C Goldblatt hypertension. In contrast to our previous compared with the contralateral organ or shamoperated controls, In contrast, 4 weeks after clipping, observations in the remnant kidney model and in APA was upregulated in the contralateral kidney, inositol 1,4,5-triphosphate accumulation in APA overexpression cells indicating that major functions of the whereas expression in the clipped kidney decreased to base-line levels. We observed this biphasic response vasopeptide were abolished [13] . Furthermore, inhibition of APA activity in overexpressing mesangial cells not only by measuring APA enzyme activity, mRNA and protein expression, but provide also some func-with amastatin or an specific APA-inhibiting monoclonal antibody restored the function of exogenous tional data that isolated glomeruli from the groups with increased APA expression metabolized ANG II ANG II on these cells [13] . Although we have not directly measured the degradation of ANG II in these to a greater extent. This increased degradation of ANG II was inhibited by amastatin suggesting that the in vitro experiments, the study suggest that expression of APA may very well regulate the function of ANG disappearance of ANG II from the supernatant is not simply caused by increased binding to receptors. II in the local microenvironment [13] .
On the other hand, an increase in ANG II degradaHowever, although amastatin is widely used as an inhibitor of APA, this substance may also inhibit other tion may not necessarily imply a protective mechanism for renal function because APA metabolizes ANG II aminopeptidases. Thus, it is possible that other ANG II metabolizing glomerular enzymes may be activated into ANG III [2, 3] . Although ANG III exerts less affinity for the AT 1 -receptor than ANG II, ANG III in addition to APA.
Although the mechanism of this biphasic induction stimulates profibrogenic cytokines such as TGF-b and increases the synthesis of extracellular matrix in culof APA is currently unknown and requires further studies, it shows similarity with the regulation of AT 1 -tured mesangial cells and renal fibroblasts [19, 20] . A recent study showed that ANG III formed by APA receptors which are down-regulated already after a few days in the clipped kidney, probably due to high intra-could effectively induce calcium influx in several nephron segments of the rat [20] . Moreover, ANG III renal ANG II concentrations. If APA expression is directly induced by ANG II as suggested by several itself is cleaved by non-specific proteases such as aminopeptidase M to ANG IV [3] . These aminopeptidases studies [15, 16 ] , target cells that could upregulate APA must sense the increased ANG II concentration in the are almost ubiquitously distributed in the kidney including in mesangial and tubular cells [3] . ANG IV local micro-environment. This sensing mechanism most likely involves AT 1 -receptors because treatment with exhibits distinct effects that are different from those of ANG II and ANG III and binds to its own receptor, ANG II-receptor antagonists abolishes APA expression in situations with a stimulated RAS [12] . Thus, down-named AT 4 . Such specific receptors for ANG IV have been characterized on endothelial, mesangial, proximal regulation of AT 1 -receptors in the clipped kidney at latter time points (>1 week) may very well explain tubular as well as collecting duct cells [21] [22] [23] . This AT 4 -receptors are not blocked by conventional AT 1 -why APA is only initially upregulated in the stenotic kidney [17, 18] . A less likely explanation for the receptor antagonists. ANG IV may have potential profibrogenic effects and it has been described in increased APA expression in the contralateral kidney at 4 weeks may be a persisting increase in intrarenal endothelial and tubular cells that this ANG II-fragment stimulates the expression of plasminogen activator ANG II concentrations in the contralateral kidney accompanied by a normalization of the systemic RAS inhibitor leading to a decrease in extracellular matrix turnover [21] [22] [23] . Therefore, an up-regulation in APA [18] . However, a fall in the systemic PRA has been only described at much latter time-points (>12 weeks) expression could induce detrimental effects on the kidney by enhancing the formation of active ANG in dogs with 2-K 1-C and not necessarily in the rat model [18] .
II-fragments that bind to other receptors than the parental peptide. During the preparation of our manuscript, we learned of a similar study by Song and Healy [16 ] . In accordance with our results, these investigators found Acknowledgements. We thank R. Schroeder and I. Jacob for excellent a significant increase of APA enzyme activity and technical help. This work was supported by the Deutsche transcript expression in the contralateral kidney 4 Forschungsgemeinschaft ( Wo 460/2-3, 2-4; and a Heisenberg fellowship to G.W.). weeks after clipping [16 ] . In contrast to our study, Song and Healy also found an increase in enzyme histochemical staining for APA in the clipped kidney after 4 weeks [16 ] . However, transcript expression at References earlier time-points was not evaluated in this study. Although the reason for this somewhat discrepancy to
